Abstract. Betel quid chewing is implicated in the high prevalence of oral cancer in Southeast Asian countries. One of the major components of betel quid is arecoline. In the present study, in order to characterize the association between chronic arecoline stimulation and carcinogenesis the expression level of matrix metalloproteinase (MMP)-2, MMP-9, tissue inhibitor of metalloproteinase (TIMP)-1 and TIMP-2 mRNA in human gingival epithelial progenitor cells (HGEPs) stimulated with arecoline was assessed. The HGEPs were alternated between 3 days of incubation with arecoline (50 µg/ml), and 3 days without arecoline, for up to 30 days. The expression levels of the MMPs and TIMPs in the cells stimulated with arecoline were evaluated by reverse transcription-quantitative polymerase chain reaction at 18 and 30 days. The expression of MMP-9 mRNA in the experimental group was significantly increased compared with in the control group (P<0.01). No significant differences in the expression of MMP-2, TIMP-1 or TIMP-2 mRNA were observed between the experimental and control groups. Using an MMP-9 activity assay, the levels of MMP-9 activity in the experimental group were demonstrated to be significantly higher than in the control group (P<0.05). To investigate associated cellular signaling pathways, PDTC [a nuclear factor (NF)-κB/inhibitor of NF-κB (IκB) inhibitor], PD98059 [a mitogen-activated protein kinase kinase (MAPKK)1 and MAPKK2 inhibitor], SB203580 (a p38 MAPK inhibitor) and 5,15-DPP [a signal transduction and activator of transcription (STAT) 3 inhibitor] were used. All inhibitors decreased the extent of MMP-9 upregulation induced by stimulation with arecoline. Based on the data, it is hypothesized that MMP-9 activity may be involved in the pathological alterations of oral epithelium induced by betel quid chewing, and that the NF-κB/IκB, MAPK, p38 MAPK and STAT3 signaling pathways may be involved in the production of MMP-9 induced by betel quid chewing.
Introduction
Oral cancer is one of the 10 most commonly occurring types of malignant tumor worldwide, particularly in Southeast Asian countries (1) . The habit of betel quid chewing is implicated in the high prevalence of oral cancer in these countries. Betel quid consists of a mixture of fresh areca nut, slaked lime from seashells, fresh betel leaf and partially dried tobacco (2) (3) (4) . The association of these components with oral carcinogenesis remains unclear. Areca nut and its component arecoline, a nicotinic acid-based alkaloid, have been reported to promote oral cancer and precancerous lesions (5) . Areca nut extract and arecoline induce the upregulation of various growth factors, enzymes and other molecules associated with oral submucous fibrosis, a precancerous condition (6) , and stimulate oral cancer cells and immortalized cell lines to express molecules associated with cancer progression (7, 8) . Our previous studies analyzed p14, p15, p16 and p53 genes in precancerous oral lesions associated with betel quid chewing in Sri Lanka (1, 9, 10) . A high frequency of hypermethyaltion of p14, p15 and p16 was detected in the pre-cancerous lesions. The frequency was much higher than that of p53 mutation.
Matrix metalloproteinase (MMP) and tissue inhibitor of metalloproteinase (TIMP) may be key molecules in oral submucous fibrosis (11) and cancer (7) . The exact mechanism for the malignant transformation of healthy oral epithelium remains unclear. MMPs serve an important function in the degradation (12, 13) . The association of the gelatinases, including MMP-2 and MMP-9, with the development and progression of cancer is well documented (12, 13) . The enzymatic activity of MMPs is controlled by TIMPs. A total of 4 types of TIMP have been characterized, including TIMP-1, -2, -3 and -4. TIMP-1 and TIMP-2 are capable of inhibiting the activity of all non-membrane-type MMPs, including MMP-2 and MMP-9 (12,13). The increased MMPs and the decreased inhibitors may facilitate tumor development and progression (12, 13) . In order to determine the mechanism of arecoline-induced malignant transformation, it is crucial to observe the expression pattern of MMP-2, MMP-9, TIMP-1 and TIMP-2. Malignant transformation may occur following chronic stimulation with carcinogenic agents. However, in previous in vitro experiments cells were stimulated with arecoline for <30 h, which elicited an acute response as an experimental model for arecoline stimulation (7, 14) . Since the malignant transformation occurs as a chronic event induced by the stimulation with arecoline, cells should be stimulated for a prolonged period in vitro. Cell death may be induced by stimulation for a prolonged period with arecoline, since arecoline has a cytotoxic effect (7, 8, 11, 15, 16) . In our previous study, we developed a novel in vitro model to simulate chronic cell stimulation over a prolonged period (17) .
In the present study, this in vitro modeling method from our previous study was used to simulate chronic arecoline stimulation and the expression of MMP-2, MMP-9, TIMP-1 and TIMP-2 was measured. The pathway of aberrant expression of molecules involved in carcinogenesis often can be a therapeutic target (12, 13) . Therefore, the present study also observed the pathway of the aberrant expression of MMPs and TIMPs.
Materials and methods
Cell culture. Human gingival epithelium progenitors (HGEPs), primary keratinocytes derived from healthy gingival epithelium, were purchased from CELLnTEC Advanced Cell Systems AG (Basel, Switzerland) and were cultured in CnT-Prime epithelial culture medium (CELLnTEC Advanced Cell Systems AG) at 37˚C in a humidified atmosphere of 95% air and 5% CO 2 . HGEPs were spread onto 100 mm tissue culture plates at a density of 4x10 4 cells/ml. Following incubation overnight, the cells were cultured with arecoline hydrobromide (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and the following inhibitors: 50 µM nuclear factor (NF)-κB/inhibitor of NF-κB (IκB) inhibitor PDTC, 10 µM mitogen-activated protein kinase (MAPK) kinase inhibitor PD98059, 25 µM p38 MAP kinase inhibitor SB203580, and 10 µM signal transducer and activator of transcription (STAT) 3 inhibitor VIII 5,15-DPP (all from Sigma-Aldrich; Merck KGaA).
Cell viability assays. Cell viability was determined using the cell proliferation reagent WST-1 (Sigma-Aldrich; Merck KGaA). HGEPs were seeded in 96-well plates in epithelial culture medium and cultured overnight as previously described. The cells were treated with a range of arecoline concentrations (including 0, 0.5, 1, 5, 10, 50, 100, 500, 1,000, 5,000 and 10,000 µg/ml). The arecoline was dissolved in distilled water. Following incubation for 24, 48 or 72 h, 10 µl of WST-1 was added to each well and cultured for 1 h. The absorbance at 450 nm was determined using a Model 680 Microplate Reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
RNA extraction. Cell culture medium was replaced every 3 days, alternating with and without 50 µg/ml arecoline for 1 month. Untreated samples were used as controls. The inhibitors (50 µM of the NF-κB/IκB inhibitor PDTC, 10 µM of the MAPK kinase inhibitor PD98059, 25 µM of the p38 MAPK inhibitor SB203580 or 10 µM of the STAT 3 inhibitor VIII 5,15-DPP) were added to the culture medium for 18 days (added on day 3, 9 and 15). The culture was replaced by alternating 3 days with arecoline and 3 days with the inhibitors. Total RNA was extracted from the HGEPs using RNeasy ® Mini kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer's protocol. Total RNA of 2 µg was reverse transcribed into cDNA using an ReverTra Ace ® qPCR RT Master Mix (Toyobo Co., Ltd., Osaka, Japan), following the manufacturer's protocol.
Quantitative polymerase chain reaction (qPCR).
For PCR, cDNA (1 µl) was mixed with FastStart Essential DNA Green Master (Roche Diagnostics) and the relevant primers. The cDNA levels were measured using the LightCycler ® Nano System (Roche Diagnostics, Basel, Switzerland). The PCR primers (Eurofins Genomics, Tokyo, Japan) for GAPDH, MMP-2, MMP-9, TIMP-1 and TIMP-2 are exhibited in Table I . The PCR was performed using the LightCycler ® Nano System (Roche Diagnostics), and conditions included an initial incubation at 50˚C for 2 min, denaturing at 95˚C for 10 min, then 40 cycles of denaturing at 95˚C for 15 sec and annealing at 60˚C for 1 min. The relative expression of each mRNA was calculated by comparison to GADPH mRNA using the 2 -∆∆Cq method (18) . Data are expressed as the relative amount of target mRNA compared with GAPDH mRNA. A total of 3 repetitions of the experimental culture system were performed in order to extract RNA. RT-qPCR of each experimental culture system was carried out 3 times and the mean was used.
Supernatant MMP-2 and MMP-9 activity assay. MMP-2 and MMP-9 activity were measured using an MMP-2 and MMP-9 activity assay kits (QuickZyme Biosciences, Leiden, Netherlands) according to the manufacturer's protocol. Absorbance values at 405 nm were determined with a Model 680 Microplate Reader (Bio-Rad Laboratories, Inc.), and standard curves relating concentration (MMP-9, 0.01-16 ng/ml; MMP-2, 0.02-16 ng/ml) in ng/ml to absorbance values were plotted. In total, 3 experimental culture systems were performed to measure MMP-2 and MMP-9 activity. The MMP-2 and MMP-9 activity assays for each experimental culture system were carried out 3 times and the mean was used.
Statistical analysis. Statistical analysis was performed using SPSS version 23 (IBM SPSS, Armonk, NY, USA). Results were compared using the Mann-Whitney U test. Data are presented as the mean ± standard deviation. P<0.05 was considered to represent a statistically significant difference.
Results

Cell viability at a range of arecoline concentrations.
To determine a concentration of arecoline that was suitable for the treatment of cells over a prolonged period, cell viability in different concentrations of arecoline [including 0 (control), 0.5, 1, 5, 10, 50, 100, 500, 1,000, 5,000 and 10,000 µg/ml] was initially observed. The number of viable cells was estimated by a WST-1 assay after 24, 48 or 72 h of arecoline treatment (Fig. 1) . At doses of ≤100 µg/ml of arecoline, cell numbers increased in a time-dependent manner. No significant differences were observed in cell numbers at the same time point between any concentration of arecoline at ≤100 µg/ml and the control. Cell viability was significantly lower in the ≥500 µg/ml arecoline groups compared with the ≤100 µg/ml group (P<0.05). Since arecoline at the concentration of 50 µg/ml had no cytotoxic effect on the cells stimulated, even for a prolonged period, the method of alternating between 3 days with 50 µg/ml of arecoline and 3 days without arecoline for 1 month was selected. Additionally, the cells were observed using phase contrast microscope (magnification, x400). No significant morphological changes were observed in cells stimulated with arecoline for 1 month, compared with the controls (Fig. 2) . A number of rounded cells were often observed in the cells stimulated with arecoline after 9 days (Fig. 2) .
MMP-9 is significantly upregulated in cells treated with arecoline.
The expression levels of MMP-2, MMP-9, TIMP-1 and TIMP-2 in cells treated with 50 µg/ml arecoline were evaluated by quantitative RT-PCR at 18 and 30 days. No significant differences in the expression of MMP-2 mRNA was observed between the experimental and control groups (Fig. 3A) . The expression of MMP-9 mRNA in the experimental group was significantly increased compared with the control group (P<0.001; Fig. 3B ). No significant difference in the expression of TIMP-1 (Fig. 3C ) or TIMP-2 (Fig. 3D ) mRNA was observed between the experimental and control groups.
MMP-9 activity is significantly increased in cells treated with arecoline. MMP-2 and MMP-9 activity was assessed with MMP-2 and MMP-9 activity assays. No significant difference in the levels of MMP-2 activity was observed between the experimental and control groups (Fig. 4A) . The levels of MMP-9 activity in the experimental group were significantly increased compare with the control group (P<0.05; Fig. 4B ).
Inhibition of signaling pathways reduces the upregulation of MMP-9 in cells treated with arecoline.
To investigate cellular signaling pathways that may mediate the observed effect of arecoline on MMP-9 expression and activity, signal pathway inhibitors were employed, including the NF-κB/IκB inhibitor PDTC, the MAPK kinase inhibitor PD98059, the p38 MAPK inhibitor SB203580 and the STAT3 inhibitor 5,15-DPP. All inhibitors decreased the extent of MMP-9 upregulation induced by stimulation with arecoline. PDTC and PD98059 partially inhibited the upregulation of MMP-9, whereas SB203580 and 5,15-DPP completely abolished the upregulation (P<0.01; Fig. 5 ).
Discussion
The present study investigated the expression of MMP-2, MMP-9, TIMP-1 and TIMP-2 in primary keratinocytes Figure 1 . Cell viability assays. Cell numbers were estimated by WST-1 assays subsequent to treatment with arecoline at a range of concentrations for 24, 48 and 72 h. At concentrations of arecoline ≤100 µg/ml, the cell numbers increased in a time-dependent manner. No significant differences in cell numbers at the same time point were observed between the control (0 µg/ml) and experimental groups for any concentration of arecoline. The cell numbers were significantly lower following treatment with ≥500 µg/ml arecoline, when compared with the control. derived from healthy gingival epithelium stimulated with arecoline for a prolonged period. MMP-9 mRNA expression and activity were upregulated by stimulation with arecoline. MMP-9 activity may be involved in an initial stage of the transformation of normal cells to oral cancer and the development of precancerous lesions induced by betel quid chewing.
Arecoline was previously demonstrated to promote fibrosis in the oral submucosa and the progression to oral cancer (19) . The majority of the other in vitro studies have used oral cancer-derived cells and immortalized cells to observe the effect of arecoline on oral epithelial cells, not primary cells (7, 8) . These studies exhibited the effect of arecoline on cancer progression, but could not examine the initial alterations to normal cells that lead to the transformation to oral cancer and the development of precancerous lesions. In one study, normal keratinocytes were stimulated with arecoline for ≤24 h (14) . Increased expression of O6-methylguanine-DNA methyltransferase was observed in primary human oral keratinocytes following stimulation with arecoline for 1-24 h (14) . In a second study, activation of MMP-9 was observed in normal gingival epithelial cells stimulated with areca nut extract, also for 24 h (20) . Since betel quid chewing is a daily habit, keratinocytes may need to be stimulated with arecoline for a prolonged period in in vitro models to simulate the habit. In the present study, an in vitro model was successfully established, in which keratinocytes derived from normal gingival epithelium were intermittently stimulated with arecoline at a concentration of 50 µg/ml for a month without cytotoxic effects. Immortalized keratinocytes (HaCaT cells) treated with arecoline for 24, 48 or 72 h underwent cell death at concentrations of >50 µg/ml (8) . The arecoline concentration used in the present study is not inconsistent with this study.
The in vitro data of the present study suggest that increased expression of MMP-9 may occur in the oral mucosa of betel quid chewers. MMPs can degrade virtually all components of the ECM and connective tissue surrounding tumor cells and Figure 4 . MMP-2 and MMP-9 activity assays in the supernatant of cultured HGEPs. MMP-2 and MMP-9 activity were assessed with MMP-2 and MMP-9 activity assays. The supernatant was isolated from HGEPs treated with arecoline for 18 or 30 days. The supernatant without any dilution or condensation was used for these assays. (A) No significant difference in the levels of MMP-2 activity was observed between the experimental and control groups. (B) The levels of MMP-9 activity in the experimental group were significantly increased compared with in the control group ( * P<0.05). MMP-9, matrix metalloproteinase-9; HGEP, human gingival epithelium progenitors. Figure 5 . Effect of inhibitors on the expression of MMP-9 mRNA. To investigate which cellular signaling pathways were associated with the upregulation of MMP-9 following treatment with arecoline, inhibitors of signaling pathway were used, including the NF-κB/IκB inhibitor PDTC, the MAPK kinase inhibitor PD98059, the p38 MAPK inhibitor SB203580 and the STAT3 inhibitor 5,15-DPP. All inhibitors decreased the extent of the upregulation of MMP-9 induced by stimulation with arecoline. PDTC and PD98059 partially inhibited the upregulated expression of MMP-9, whereas SB203580 and 5,15-DPP treatments completely prevented the upregulation. MMP-9, matrix metalloproteinase-9; NF-κB, nuclear factor-κB; IκB, inhibitor of NF-κB; MAPK, mitogen-activated protein kinase; STAT3, signal transduction and activator of transcription 3.
the basement membrane (21) . Among MMP type IV collagen digestive enzymes, MMP-9 is particularly important in the process of tumor invasion and metastasis (7, 22) . High expression of MMP-9 was previously demonstrated to be associated with a poor prognosis in oral cancer (7) . Increased expression levels of MMP-9 have been observed in oral precancerous lesions as well as in oral cancer (23) . The increased expression may be associated with the transformation of oral precancerous lesions to oral cancer (24, 25) and in oral carcinogenesis (11) . A previous in vitro study revealed that TNF-α stimulated the production of MMP-9 in a precancerous keratinocyte cell line (26) . The transformation of oral precancerous lesions to cancer with micro-invasion was hypothesized as induced by inflammatory stimulation (26) . In the present study, arecoline-induced MMP-9 in the keratinocytes may have caused the cells to develop the potential for micro-invasion. The production of MMP-9 from gingival epithelium was previously demonstrated to be associated with the destruction of periodontal tissues (20) . Therefore, the data of the present study may explain the association of betel quid chewing with periodontal disease as well as carcinogenesis. One recent study is inconsistent with the data of the present study; in the study, although areca nut extract stimulated MMP-9 production in cancer cells, arecoline alone inhibited MMP-9 production at concentrations lower than 0.2 mM (50 µg/ml) in the oral carcinoma SAS cell line (7) . The different types of cells that were used in the studies may explain this discrepancy. Arecoline induced significant cell death in SAS cells at a concentration of 0.4 mM (100 µg/ml) for 24 h in the previous study (7) . Whereas, the present study did not identify a significant reduction in cell viability at the same concentration of arecoline at time points including 72 h, demonstrating the extent of the differences between the cell types used. Another type of gelatinase, MMP-2, is also often upregulated in malignancies and performs an important role in tumor invasion (12, 13) . The present results demonstrated no significant difference in the expression of MMP-2 between arecoline stimulation and the control. It is consistent with a previous study indicating that areca nut extract induces activation of MMP-9 but does not induce MMP-2 in gingival epithelial cells (20) . The elevated expression of MMP-2 was, however, shown in the saliva collected from areca nut chewers (27) . Keratinocytes mainly express MMP-9 and to a lesser extent MMP-2 while fibroblasts express only MMP-2 in in vitro skin models (28) . The salivary MMP-2 may be mainly derived from fibroblasts in the oral mucosa. Arecoline may not affect MMP-2 activation in the gingival epithelium.
The mechanism by which arecoline may have induced the upregulation of MMP-9 was investigated using inhibitors of intercellular signaling pathways. Although all inhibitors decreased upregulated expression of MMP-9, the inhibitory effects differed. NF-κB/IκB and MAPK kinase inhibitors partially inhibited the upregulation of MMP-9 following treatment with arecoline, whereas p38 MAPK and STAT3 inhibitors completely abolished the upregulation. Although all these pathways may be involved in the upregulation of MMP-9, the p38 MAPK and STAT3 pathways may be more crucial than NF-κB/IκB and MAPK kinase pathways. A number of signaling pathways, including MAPKs, NF-κB, PI3K/Akt and STAT3, were previously implicated in the production of MMP-9 by epithelial cells (29) . NF-κB activation was identified to be involved in MMP-9 upregulation in normal gingival epithelial cells stimulated with areca nut extract at a concentration of 2.5-10 µg/ml for 2 h (20) . Although areca nut extract may activate the NF-κB pathway for MMP-9 production, arecoline alone may act on p38 MAPK and STAT3 to a greater extent than NF-κB. Further investigations are required to determine the pathway of upregulation of MMP-9 induced by arecoline.
The activity of >20 types of MMPs are inhibited by just 4 types of TIMP (12) . Since the activity of MMP-9 is inhibited by TIMP-1, the MMP-9/TIMP-1 ratio has been used as a diagnostic marker in numerous types of cancer and inflammation-related diseases (30) . A higher ratio may signify increased degradation of the extracellular matrix in tissues related to the development and progression of cancer and inflammation (30) . In the present study, the expression of MMP-9 was increased, whereas the expression levels of TIMP-1 and TIMP-2 were unchanged. This higher ratio of MMP-9/TIMP-1 may form an environment conducive to degradation of the extracellular matrix.
In conclusion, the present study demonstrated increased expression of MMP-9 caused by stimulation with arecoline for a prolonged period in primary keratinocytes derived from normal gingival epithelium. This phenomenon occurring in an in vitro experimental model may reflect the conditions in the oral mucosa of betel quid chewers. Although the increased expression level of MMP-9 may be involved in the pathological alterations of oral epithelium caused by betel quid chewing, it remains unclear how MMP-9 directly affects this process, and other genes may cooperate with MMP-9 during oral carcinogenesis. Further investigation is needed to clarify these phenomena.
